I
n recent years, DNA testing has been widely used in the judicial system, mainly in violent crimes to link a perpetrator to the scene of the crime. Human DNA is generally stable, allowing the techniques of DNA fingerprinting to be used in analyzing multiple polymorphic markers for the purpose of excluding suspected individuals. Assessing phylogeny for HIV type 1 (HIV-1) strains, however, is more complex than human DNA testing because of the dynamic nature and rapid rates of HIV-1 change (1-4). However, this high rate of change among HIV sequences permits an application of phylogenetic methods, and several case studies have been described that investigated the relatedness of HIV-1 strains for the purpose of examining suspected viral transmission events. Probably the most well-known and scrutinized study is the ''Florida dentist'' case, which concluded that six patients became infected with HIV-1 while receiving care from an HIV-1-positive dentist (5) (6) (7) (8) (9) . Other studies that have supported suspected transmissions of HIV-1 between individuals are the ''Swedish rape case'' (10) and the ''French orthopedic surgeon'' case (11) . In addition, one published study rejected a hypothesis of transmission between a Baltimore surgeon and one of his patients (12) .
Because of the rapid rate of evolution of HIV-1, phylogenetic analysis of HIV-1 DNA sequences is a powerful tool for the identification of closely related viral strains that may be used to infer the transmission between individuals. In the case of the State of Louisiana vs. Richard J. Schmidt, the prosecution argued successfully that the methods of genomic DNA isolation, PCR, DNA sequencing, and phylogenetic analysis of HIV-1 DNA sequences to characterize HIV-1-positive samples identified by criminal investigation met the judicial standards of evidence admissibility. These standards include the facts that the methods are subject to empirical testing, are subject to peer review and publication, can be assessed for error, and are generally accepted in the scientific community (13) . This case was the first time that phylogenetic analysis has been used as evidence in a United States criminal proceeding. Here we present the phylogenetic evidence that constituted part of the prosecution's case that resulted in the conviction of the Louisiana gastroenterologist on the charge of attempted second-degree murder.
Materials and Methods
Criminal Investigation. The prosecution's case was based on circumstantial evidence indicating that on August 4, 1994, a Lafayette, LA, gastroenterologist made a mixture of blood or blood-products from two patients under the doctor's care, one infected with HIV-1 and the other with hepatitis C, and infected his former girlfriend by intramuscular injection. Our efforts for the criminal investigation involved only the molecular analysis of HIV-1 sequences, which represented only one part of the prosecution's case against the physician.
Risk factors associated with HIV-1 infection for the victim were determined through the course of the criminal investigation. From 1984 to 1995, the victim reported having sexual contacts with seven men, including the doctor, all of whom were interviewed by local law enforcement agents. The seven men were tested between the years of 1995 and 1998, and were found to be negative for HIV-1 (Keith A. Stutes, Assistant District Attorney, 15th Judicial District, Lafayette, LA, personal communication). The victim was a nurse from the Lafayette area who had no documented reports of needle sticks, but did report in the mid-1980s that an HIV-1-infected patient splashed saliva onto her skin while spitting into a pan. The victim was tested after the incident and was found to be negative for HIV-1. Moreover, the victim had donated blood to a local blood bank on several occasions, for which she was tested and found negative for HIV-1 in October 1992, May 1993, and April 1994 (Keith A. Stutes, personal communication).
In January 1995, however, the victim tested positive for HIV-1, and subsequently accused the physician of infecting her with HIV-1 from an intramuscular injection during an argument in early August 1994. In the subsequent investigation, law enforcement agents identified an HIV-1-infected patient whose blood had been drawn in the doctor's office on August 4, 1994. The patient's name was one of the last recorded entries into a reportedly missing log notebook that was discovered after a search warrant had been obtained to search the physician's office. This patient's blood draw was recorded in a different manner from the usual operating procedures of the This paper was submitted directly (Track II) to the PNAS office.
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Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AY156734 -AY156907). † To whom correspondence should be addressed. E-mail: mmetzker@bcm.tmc.edu. § doctor's office. The patient was a homosexual male who was infected with HIV-1 in 1990. Thus, the evidence gathered formed the basis of the a priori hypothesis of suspected transmission of HIV-1 from the patient to the victim and justified the use of phylogenetic analysis to investigate the relatedness of HIV-1 DNA sequences for the suspected transmission pair.
Sample Handling, PCR, and DNA Sequencing. The experimental data were derived from two independent laboratories, first performed at Baylor College of Medicine (BCM) and confirmed at the University of Michigan (MIC). On September 28, 1995, a Lafayette detective delivered whole blood drawn from the patient and the victim to BCM for DNA analysis, and LA control blood samples (see below) were delivered to BCM between March 1996 and June 1996. Eighteen months later, the first anonymously labeled blood sample (BS1) was delivered on March 26, 1997 to the Michigan group. After sequences had been obtained from BS1, the BS2 sample was delivered on April 25, 1997. The strategy of independent testing in two different laboratories from two separate blood draws each for the patient and victim allowed us to exclude the possibility that the relatedness of HIV-1 DNA sequences derived from the patient and the victim were the result of laboratory error, sample mix-up, or cross-contamination. Moreover, we designed the second study to remove the potential for investigator bias by conducting experiments in a blinded fashion, in which the identities of the samples were not revealed to the Michigan group until the analyses of both samples were completed. In addition, BS1 and BS2 samples were analyzed at different times, separated by thorough cleaning of all laboratory equipment and surfaces. In all instances, peripheral blood mononuclear cells (PBMC) isolation from whole blood, PCR setup, genomic DNA addition, and DNA sequencing were each performed in physically separated laboratory areas, where reagents were premixed and aliquoted with dedicated positive displacement pipettes to minimize the risk of contamination (15, 16) .
Genomic DNA from each individual was used to PCR-amplify a 858-bp env gene fragment and a 1,147-bp reverse transcriptase (RT) gene fragment as described (17, 18) . Comparative phylogenetic analyses are important in that they strengthen the interpretation of relatedness between the key individuals because these genes exhibit different biological functions, are targeted by different selective pressures (i.e., host versus drug, respectively), and are known to undergo different rates of evolution. Briefly, Ϸ200 ng of genomic DNA from the patient, victim, or any LA controls were handled and amplified separately by coamplifying the pol and env genes regions with PCR1/PCR2 and PCR5/PCR6 primer pairs to yield 1,231-and 1,288-bp fragments. A ''hot start'' technique was used for all PCRs to increase product specificity by using AmpliWax beads according to the manufacturer's protocol. A second round of hot start PCR was performed to amplify separately a 1,147-bp pol fragment by using PCR3B/PCR4B primer pairs and a 858-bp env fragment by using PCR7B/PCR8B primer pairs. PCR products from the patient, victim, and the LA controls were directly sequenced. Seven and two different PCR products from the RT gene were directly sequenced for the patient (P1-P7) and victim (V1 and V2) samples, respectively. To further delineate the extent of env genetic diversity of the suspected transmission pair, 50 molecular clones were isolated and sequenced at BCM from their respective PCR products. The molecular clones for the patient and victim were designated P01 through P50 and V01 through V50.
Ideally, the within-host sampling size should be representative of the diversity of the gene under investigation, which becomes difficult to standardize because genetic diversity depends on several factors including unknown host factors, stage of the disease, specific combinations of HIV-1 drug therapies, and their effectiveness (i.e., emergence of drug-resistant strains). The selection of 50 molecular clones represented a reasonable compromise for sampling diversity of the patient and victim HIV-1 isolates and represented greater than three times as many clones analyzed as other studies (5, (10) (11) (12) . For example, molecular clone sequences P04, P16, P22, P32, and P41 were identical to each other as were sequences P06, P17, P19, P31, and P44, which suggests oversampling by the identification of redundant sequences. On the other hand, all molecular clones obtained from the victim represented unique sequences.
Independently, the Michigan group obtained several molecular clones for both HIV-1 gene fragments from separate blood draws each for the patient and victim. Custom dipyrrometheneboron difluoride (BODIPY) dye primers (BCM) or dye terminator (MIC) chemistries were used to sequence both strands for an internal 784-bp env fragment and an internal 689-bp RT fragment by using a Perkin-Elmer Applied Biosystems 377 DNA sequencer. DNA sequencing reads were then aligned, and any ambiguities were manually edited when needed to obtain an accurate consensus sequence from each molecular clone or PCR product (17) .
To safeguard against laboratory contamination of previously characterized HIV-1 samples produced at BCM, the patient and victim HIV-1 DNA sequences were compared by phylogenetic analyses to all available BCM HIV-1 DNA sequences. Consensus sequences for the patient and victim were found to be closely related to each other and not to any previously characterized HIV-1 DNA sequences (data not shown).
HIV-1 DNA Controls. We reasoned that the most appropriate controls for the current study were HIV-1-infected individuals from the Lafayette area. Sampling from the same metropolitan area where the two key individuals reside can provide the greatest opportunity for identifying an alternative HIV-1 transmission between these individuals. The use of local sequences also allowed us to consider the possibility that HIV-1 DNA sequences derived from the suspected transmission pair were representative of an HIV-1 strain ubiquitous in the Lafayette metropolitan area. This rationale is supported by molecular studies that have shown global geographic subtype stratification of HIV-1 sequences (19). We did not consider race, gender, or risk factors for the selection of the local controls because of a lack of evidence suggesting a correlation between these factors and specific HIV-1 DNA sequences.
An ideal among host sampling size should be obtained from a reasonable percentage of the local population, which is representative of the total number of HIV-1 infected individuals. Several issues, including knowing the total number of infected individuals and the willingness of individuals to participate in such studies, however, confound an accurate determination of this number for any analysis. For this study, 32 blood samples were obtained from available HIV-1-infected individuals from the local metropolitan area. PBMCs from whole blood for controls LA03 and LA11, however, could not be isolated successfully. Sequence analysis of direct DNA sequence data from the env gene revealed laboratory contamination of pNL4-3 plasmid sequences for LA01 and LA19 controls (20) ; these sequences were removed from further analysis.
Of the LA controls, 28 samples gave positive HIV-1 DNA sequences that were unique relative to published database sequences, though not all gave PCR products for both gene regions. For example, PCR products for LA21 and LA23 for the env region and LA09, LA15, and LA20 for the RT region could not be obtained and were excluded from their respective analyses. The control group represented a diverse spectrum of infected individuals with respect to date of infection, CD4 ϩ cell count, and clinical status (Table 1) . To characterize the relevance of the gp120 LA controls, molecular clone sequences derived from the patient and victim were compared with HIV-1 DNA sequences in GenBank by using BLAST (21) . In all cases, multiple clones from the same published reports gave significant BLAST scores. To represent the broadest spectrum of related public HIV-1 sequences from independent publications, only the highest scoring clone sequences were selected: GenBank accession numbers AF025750, U95403, M21098, M79352, U63632, M80663, U84880, D12582, L14574, M95292, M38429, U69584, U79719, U43096, M17449, Y13716, U16778, L08655, and M63929. The pNL4-3 plasmid sequence (M19921), which did not meet the requirements as stated above, was also included because of its usage at BCM.
Phylogenetic Analyses. We used phylogenetic analyses of the gp120 and RT sequences to examine relationships among the patient, victim, and LA control viral DNA sequences. The analyses that formed the basis of the results we presented in court were conducted by using the optimality criteria of parsimony and minimum evolution using maximum-likelihood distances (22) . These approaches were used because they were accepted by the court in a pretrial hearing as meeting the criteria for admissibility of evidence. Analyses based on direct likelihood evaluations of the sequence data were not computationally feasible at the time of the pretrial hearing or court case. Recent developments of Markov-chain Monte Carlo (MCMC) approaches have, however, made a Bayesian analysis under a likelihood model feasible. Therefore, we conducted additional posttrial analyses with MCMC Bayesian analysis (23, 24) by using the Metropolis-coupled MCMC algorithm implemented in the program MRBAYES (25) . Our Bayesian analysis was based on a General-Time-Reversible model of sequence evolution, with ␥-distributed rate heterogeneity among sites and a calculated proportion of invariable sites (GTRϩ⌫ϩI; ref. 22) . This model of sequence evolution was chosen based on results from the program MODELTEST (version 3.06; ref. 26) . For each gene, we ran the MCMC searches for 5,000,000 generations, and sampled solutions once every 100 generations. After 2,500,000 generations, we determined that the searches had reached equilibrium by plotting the values for the likelihood scores and the various parameters of the model. We therefore used the samples from the final 2,500,000 generations to compute 95% confidence intervals for the model parameters shown in Tables 2 and 3 , and to assess the posterior probabilities of the relationships between the victim and patient sequences.
For the parsimony and minimum evolution analyses, we searched for optimal trees with PAUP (versions 4.0b4-10; ref. 28) , and used tree-bisection-reconnection branch-swapping from random-order stepwise addition of starting trees for the parsimony analyses and neighbor-joining for distance analyses. Our minimum evolution analyses conducted for the trial were based on eight different maximum-likelihood distances, including a range of models from JC to HKYϩ⌫ (28) (29) (30) (31) . For each of four basic models (JC, F81, K2P, and HKY), we calculated distances with and without a ␥ correction for rate heterogeneity among sites. All analyses (parsimony, minimum evolution under all distances, and Bayesian) produced highly congruent results that did not differ with respect to the relevant relationships between the victim and patient sequences (see Phylogenetic Results).
For the parsimony and minimum evolution analyses, nonparametric bootstrapping (32) was used to test the a priori hypothesis of a relationship between the victim and patient sequences. The generally accepted standard for rejecting a null hypothesis (in this case, the null hypothesis is that the sequences obtained from the victim are not most closely related to sequences obtained from the patient) is P Ͻ 0.05. In forensic studies, however, there is no widely accepted standard for the meaning of beyond a reasonable doubt. Under a wide range of conditions, bootstrap proportions (BP) have been shown to represent a conservative estimate of phylogenetic confidence (33) (34) (35) , and 1-BP was used as a conservative estimate of p (the probability of type I error) in a test of the a priori hypothesis (36) . Because of the importance of estimating the strength of the results, we conducted as many bootstrap replications as were computationally feasible for each analysis. For parsimony analyses, we examined 100,000 bootstrap replicates, whereas for the more computationally intense maximum-likelihood distance analyses (in which large numbers of pairwise distances had to be recalculated for each replicate), we conducted from 1,000 (gp120) to 10,000 (RT) replicates.
Bayesian posterior probabilities, calculated from a consensus analysis of the samples of solutions from the MCMC searches of tree and parameter space, have been shown to be less biased measures of phylogenetic accuracy compared with nonparametric bootstrapping proportions (37) . Although this approach was not available for use at the trial, it represents the current standard of practice for assessing the reliability of phylogenetic analyses, especially under a likelihood model. Therefore, we used our samples of 25,000 solutions (one solution sampled every 100 generations from Data based on MCMC sampling (25) . The rate of all substitution classes is shown relative to that of the G-T substitution class. Data are based on MCMC sampling (25) . The rate of all substitution classes is shown relative to the rate of the G-T substitution class. the last 2,500,000 generations of the MCMC analysis) to compute posterior probabilities for the relationship between the victim and patient sequences.
Results
Sequences Examined. The gp120 gene was initially characterized by DNA sequence analysis because of its high genetic variability and its important role in governing antibody neutralization, cellular tropism, and cytopathogenicity. Direct DNA sequencing data revealed highly heterogeneous viral sequences for both the patient and the victim samples, particularly within the V4 and V5 domains (Fig. 3 , which is published as supporting information on the PNAS web site, www.pnas.org). The ranges of intrahost divergence among the 50 molecular clones for the patient and victim were 0.00-5.57% and 0.13-2.77%, respectively. The ranges of intrahost divergence for the two molecular clone sequences characterized by the Michigan group compared with the BCM set were 0.13-5.18% and 0.64-2.14%, respectively, which were obtained from separate blood draws each for the patient and victim Ϸ18 months after the BCM draw. Despite the large number of viral strains present in blood and the advanced progression of disease for the latter blood draw, sampling of viral isolates by the different laboratories revealed highly similar results with the highest identity between the BCM and MIC sequences being 99.87% and 99.36% for the patient and victim samples, respectively. These data confirmed and validated the identities of the suspected transmission pair, because they fall within the range of variation of the BCM data sets.
We investigated a second genetic locus by direct DNA sequencing (BCM) and cloning and sequencing (MIC) analyses of the amino-terminal half of the RT gene (Fig. 4 , which is published as supporting information on the PNAS web site). The range of intrahost divergence was 0.00-2.03% and 0.58-2.32% for the patient BCM and MIC sequences, respectively, and they differed from each other by 0.15-2.47%. The victim RT samples also showed less diversity between sequences: 0.07% (BCM), 0.15% (MIC), and 0.07-0.65% (intergroup divergence). Analyses of the patient sequences revealed two distinct populations, with one group showing amino acid mutations known to confer resistance to AZT (39-41). Fig. 1 . Phylogenetic analysis of the gp120 region using a minimum evolution criterion and maximum likelihood distances assuming an HKYϩ⌫ model of evolution. Nucleotide alignment was based on the protein alignment in Fig.  3 . P.ENV and V.ENV are DNA sequences for provirus PCR products from the patient and victim, respectively. Sequence names beginning with LA denote viral sequences from control HIV-1 infected individuals from the Lafayette, LA, metropolitan area. The same pattern of relationships (monophyly of all patient and victim sequences) was obtained with all phylogenetic methods (parsimony, minimum evolution, and Bayesian) and all models of evolution examined. In addition to the 100% bootstrap support of this relationship for the minimum evolution analyses, the parsimony bootstrap support and the Bayesian posterior support were also 100%.
The timing and accumulation of the different drug resistance mutations have been shown to be variable between HIV-1-infected individuals (42, 43) . Stratifying the patient sequences based on AZT resistance (AZT R ), the range of divergence for all AZT R sequences was 0.00-1.45% and for all AZT sensitive (AZT S ) sequences was 0.44-1.23%. The victim's HIV-1 DNA sequences were more similar to the patient's AZT R sequences than to the patient's AZT S sequences (the ranges of divergence were 0.15-1.52% compared with 1.60-2.61%, respectively).
Sequence analyses of 20 HIV-1 DNA public sequences that showed the most significant BLAST scores revealed that molecular clone sequences for the patient and victim differed by 8.05-13.54% and 8.54-15.37%, respectively, from the GenBank sequences. The gp120 LA control sequences differed from those of the patient by 7.41-14.22% and from those of the victim by 8.02-15.43%. The random LA controls and the 20 closest HIV-1 DNA sequences selected from GenBank exhibited similar divergence, though the most similar sequences to the victim and patient were found among the LA controls. These data suggest that the selection of control sequences from the local geographic area were appropriate for this study. Comparing RT sequences, 57% of the LA controls showed various amino acid substitutions known to confer resistance to AZT. These LA control sequences were more divergent from the stratified patient AZT R , patient AZT S , and the victim sequences and differed by 2.61-6.75%, 3.19-6.53%, and 3.34-6.53%, respectively.
Phylogenetic Results. In the parsimony analyses, all 100,000 bootstrap replicates of the gp120 gene data supported the victim and patient sequences as the most closely related within the analysis (P Ͻ 0.00001), and 95,826 bootstrap replicates of the RT gene data supported the victim sequences as embedded within a group of patient sequences (P Ͻ 0.04174). In the maximum-likelihood distance analyses, all 1,000 bootstrap replicates of the gp120 gene data (P Ͻ 0.001; Fig. 1 ) supported the closer relationship between the patient and victim viral sequences compared with any of the LA controls, and all 10,000 bootstrap replicates of the RT gene data (P Ͻ 0.0001; Fig. 2a ) supported the victim sequences as embedded within a group of patient sequences. All 25,000 sampled trees from the MCMC analyses also supported these relationships (P Ͻ 0.00004). The relationships of the patient and victim RT sequences were virtually identical based on both the originally sampled sequences (sequenced at BCM) and those subsequently sequenced at MIC (Fig. 2b) . The close relationship between the victim and patient samples was thus supported by both of the genes that we examined, using all major methods of phylogenetic analysis (parsimony, minimum evolution, and likelihood), and a broad range of evolutionary models. Discussion Direction of Transmission. Although the inferred sister relationship between patient and victim viruses is consistent with the alleged transmission event, this finding by itself does not establish the direction of the transmission nor does it prove that additional individuals could not have been involved in a series of intermediate transmissions. However, if the sequences are sampled close enough in time to the transmission event, the direction between a suspected pair can often be established (44) . Typically only a single or a few viral isolate(s) have been shown to be transmitted during primary infection (38, 45, 46) , and if samples are obtained shortly after this event, a subset of source sequences will be found to be more closely related to the recipient sequences than all source sequences are to each other. Thus, source sequences that are paraphyletic with respect to the recipient sequences provide evidence for the direction of transmission. This paraphyletic relationship will be lost through time as a result of lineage extinction, but can be observed between transmission pairs that are sampled within a short period of the transmission event. The window of opportunity for observing this paraphyletic relationship is expected to vary as a function of rate of evolution of the various parts of the genome and degree of immunoselection and/or drug selection for the different gene proteins. In both a and b, the smaller set of boxed sequences represents the sequences from the victim, and the larger set of boxed sequences represents the patient plus victim sequences. The victim sequences were found to be embedded within the patient sequences in all analyses and for all models of evolution examined. In addition to the 100% bootstrap support of this relationship for the minimum evolution analyses, the parsimony bootstrap support was 96% and the Bayesian posterior support was 100%.
All of the parsimony, minimum evolution, and Bayesian analyses of the RT sequences showed that patient sequences were paraphyletic with respect to the victim sequences. That is, virus sequences from the victim were nested within the larger clade of sequences from the patient. This finding was supported in 95,826 parsimony bootstrap replicates, in all 10,000 bootstrap replicates in the maximum-likelihood distance analysis (Fig. 2a) , and in all 25,000 sampled trees from the MCMC Bayesian analysis. The gp120 sequences, however, showed a weak monophyletic grouping of the patient sequences, which was supported by 51-53% of bootstrap replicates in parsimony and minimum evolution analyses (the remaining 47-49% of the replicates support paraphyly of the patient sequences). This observed discrepancy is likely due to differences in evolutionary rates of the RT and gp120 genes, and the strong immunoselection on the latter. Faster rates of sequence evolution and subsequent shorter coalescence times for gp120 gene trees, which results in apparent monophyly for the patient sequences, are expected. The paraphyletic relationship of the suspected pair for the RT gene was reproduced by the Michigan group (Fig. 2b) . Thus, the data presented here, which were obtained from two independent blood draw samplings from the suspected transmission pair and analyzed by independent laboratories, provide strong evidence that the direction of transmission was from the patient to the victim and that transmitted HIV-1 lineage(s) were of AZT-resistant genotypes.
The introduction of phylogenetic analysis of HIV-1 DNA sequences into the United States court system inevitably will result in greater numbers of forensic investigations of suspected HIV-1 transmission cases. Moreover, these studies have broad applications for the identification of putative sources of existing and new pathogens that can cause food-borne infections and hazardous agents that can be used for the purpose of biological warfare.
The verdict of State of Louisiana vs. Richard J. Schmidt was appealed to the Louisiana State Supreme Court, where it was upheld in 2000. On March 4, 2002, the United States Supreme Court also rejected an appeal of the case, thus ending the judicial proceedings. Precedent for the use of phylogenetic analysis to support or reject criminal viral transmission cases has thus been established in United States courts of law. It is ironic that this case originated in Louisiana, which enacted the Balanced Treatment for Creation-Science and Evolution-Science Act in 1982. In 1987, the United States Supreme Court found this act unconstitutional. The increasing role of scientific methods and hypothesis testing within the legal system challenges scientists to uphold the highest possible levels of rigor and objectivity. Guidelines similar to those established for forensic testing of human DNA polymorphisms (14) should be established. Although fallible, the self-correcting nature of scientific observation and interpretation and the amenability of scientific methods to repeated testing is well suited for not only understanding the world in which we live, but also for the illumination of historical events, including acts against society.
